We studied the polarization properties of four photonic band gap fibers with elliptical core and different cladding geometries. To do so we relied on a fully vectorial calculation method, which uses a hybrid edge/nodal finite element approach with perfectly matched layer absorbing boundary conditions. We determined the spectral dependence of the confinement loss for the fundamental modes of orthogonal polarizations. Our results show that, for the four structures studied, the polarization dependent loss is so high that they can be used as fiber-optic polarizers in the full band gap range.
Introduction
In recent years photonic crystal fibers (PCFs) [1] have been the subject of extensive research. It was already demonstrated that PCFs can be used in numerous applications, including chromatic dispersion compensation [2] and supercontinuum generation [3] , and to improve the efficiency of fiber lasers [4] . The polarization properties of PCFs are also of particular interest. It has been shown recently [5, 6] that the modal birefringence in PCFs may exceed 10 −3 , which is one order of magnitude larger than the birefringence in conventional highly birefringent (HB) fibers. Technological imperfections of the manufacturing process can also induce a significant birefringence in the PCFs [7] . Furthermore, it has also been demonstrated numerically that index guided PCFs of specific construction can operate in a single-polarization regime and therefore can be used as a wide-band fiber--optic polarizer [8, 9] . The first index guided polarizing holey fiber has already been manufactured and characterized. It exhibited a single-polarization operation in the third communication window [10] . So far, there is only one paper published [11] that focuses on single-polarization photonic band gap (PBG) fibers. In [11] a honeycomb-like structure with different widths of the band gap for orthogonally polarized modes was numerically studied and it was demonstrated that such a fiber can polarize light in the spectral range close to the band gap edge. In this paper, we analyze the confinement loss in four photonic band gap fibers with elliptical core and different cladding geometries, shown in Fig. 1 . The first structure (A) is the same as the one proposed by Saitoh and Koshiba [12] . It has a pitch distance of Λ = 2 µm, circular cladding holes of diameter d = 1.8 µm, a hexagonal symmetry of the cladding, and a hexagonal shape of the outer cladding edge. In the second structure (B), the hexagonal shape of the outer cladding edge was replaced with a rectangular one. In structures C and D, we intentionally introduced additional V-shape defects in the cladding, which increase the difference in attenuation between orthogonally polarized fundamental modes.
In all analyzed PBG fibers, the air-core consists of four missing capillaries, which assures the single-mode operation. There are currently two fiber designs described in literature, in which the unwanted coupling between the surface modes and the guided modes does not exist. In the first design proposed by Digonnet et al. [13] , the boundary between the cladding and the air-core possesses sharp insets, while in the second structure proposed by Saitoh and Koshiba [12] , this boundary is smoothly rounded. Due to the absence of coupling between the surface modes and the guided modes, the confinement losses in both structures are a continuous function of wavelength in the full band gap range. This gives rise to the unusual polarization effects that were analyzed in detail for the second fiber design [12] , however, they are also present in the first structure proposed in [13] .
Calculation method and results
Calculations of the complex propagation constant β for the respective polarization mode were performed using a finite element method [14] with hybrid edge/nodal triangular elements and perfectly matched layer (PML) boundary conditions. The mesh used in our numerical analysis consisted of about 200 000 elements in one quarter of the fiber cross-section. We assumed that the refractive index of silica glass is constant and equal to 1.45. The confinement loss was determined according to the following formula:
All structures shown in Fig. 1 are highly birefringent. The calculated values of modal birefringence ∆n (∆n = n y − n x ) for structures A, B, C, and D shown in Fig. 2 are practically indistinguishable (the differences are lower than 7 × 10 −6 ). In the coordinate system shown in Fig. 1 , ∆n is positive and changes paraboli- cally with wavelength. The calculated values of ∆n are in good agreement with the results presented earlier [12] , which confirms the correctness of our modeling method.
The high birefringence of the analyzed PBG fibers stems from the asymmetry in the field distribution in the X-and Y -polarized modes. As shown in Fig. 3 , the field in the X-polarized mode is almost centrosymmetric, while the Y -polarized mode has a slightly elliptical shape and spreads more in the vertical direction. Thus, one may expect that the confinement loss, which is directly related to the field distribution, is also polarization dependent. To confirm this intuitive prediction, we calculated the confinement loss in structures A and B versus the number of layers of holes in the cladding at λ = 1.35 µm. The results displayed in Fig. 4 indeed prove that the polarization dependent loss (PDL) in structure B changes from one to almost two orders of magnitude with increasing number of the hole layers. As expected, the losses for the Y -polarized mode are always larger than for the X-polarized mode. A very similar behavior of the confinement loss is observed for structure A. However, the hexagonal cladding slightly increases the loss, especially for the X-polarized mode, resulting in lower PDL in this fiber.
Based on the results presented in Fig. 4 , we found that the optimum number of hole layers is equal to 11 in structure A and to 10 in structure B. The optimized cladding geometries assure relatively high PDL and simultaneously low loss guidance for the X-polarized fundamental mode. For such fiber designs, we calculated the spectral dependence of the confinement loss for both polarization modes. The results shown in Fig. 5 reveal parabolic-like loss characteristics in both structures. The minimum loss arises for both polarization modes at the band gap center. For the X-polarized mode the minimum loss in structure A is equal to 4 dB/m, while the minimum PDL is 19 dB/m. For structure B these parameters are respectively equal to 2 dB/m and 31 dB/m. The high difference in attenuation between orthogonally polarized modes makes these structures good candidates for PBG polarizers. As the PDL increases when approaching the band gap edges, the loss of the guided mode is the only physical factor limiting the operation range of such polarizers. An extinction ratio of 20 dB and 6 dB loss of the transmitted mode are acceptable parameters for a good fiber-optic polarizer in most practical applications. From these numbers, we can estimate that the operation range of the PBG polarizer based on a 1 m long fiber of type A will extend from 1.331 to 1.372 µm, while for type B we obtain a band width spreading from 1.328 to 1.385 µm.
The ellipticity of the air-core causes the Y -polarized mode to extend deeper into the cladding in the vertical direction than the X-polarized mode (see Fig. 3 ).
Therefore, one can try to modify the cladding geometry to make the PDL even larger than in structures A and B. The most straightforward modification involves the introduction of V-shape defects located symmetrically around the Y -axis. These are obtained by replacing the respective capillaries with glass rods. Such defects drastically increase PDL while only slightly increase the attenuation of the guided X-polarized mode. The modified structures C and D with hexagonal and rectangular claddings are shown in Fig. 1 . We carefully optimized the number of hole layers in the cladding and the depth of the V-shape defect in each structure. The optimized structure C consists of 13 layers of air-holes and 5 layer deep defects. In structure D, good polarization properties were achieved for the cladding composed of 12 layers of air-holes and 4 layer deep defects.
In contrast to structures A and B, the spectral dependence of the confinement loss in structures C and D is very similar, as can be seen in Fig. 6 . This is related to the fact that the loss in structures C and D is mainly caused by radiation of the modal field through the cladding defects located in both structures at the same distance from the core. In fibers A and B, the modal field radiates through the cladding and therefore its shape has a more important impact on the spectral characteristics of the confinement losses. The minimum loss occurring for X-polarized modes in the band gap center is 2.2 dB/m in structure C and about 1.6 dB/m in structure D, while the PDL are respectively equal to 78 dB/m and 79 dB/m. Taking into consideration the same criteria as for structures A and B, we can estimate that a 25 cm long fiber of types C or D will yield good polarizers with a minimum extinction ratio of about 20 dB at the band gap center and the operation range extending from 1.312 to 1.402 µm.
Conclusions
We numerically studied the polarization properties of four photonic band gap fibers with elliptical air-core and different geometries of the holey cladding. In all analyzed structures, the unwanted coupling between the guided modes and the surface modes was eliminated by smoothly rounding the boundary between the air-core and the holey cladding. Due to absence of the coupling, the confinement losses of the fundamental modes are a continuous function of wavelength and are polarization dependent. Optimizing the cladding geometry allows one to achieve such a high PDL that the considered structures can be used as photonic band gap fiber-optic polarizers. The single-polarization operation range is limited only by the increasing loss of the guided mode near the band gap edges and covers, respectively, 41 nm in fiber A, 57 nm in B, and 90 nm in fibers C and D.
